DMT-protected aminooxy-modified oligonucleotides (1), hexynyl-modified oligonucleotides (4), DBCO-modified oligonucleotides (5) and amine-modified oligonucleotides were synthesized on an Applied Biosystems Expedite 8909 DNA synthesizer using their respective phosphoramidites (100 mM) and a default coupling protocol. Synthesized DMT-protected aminooxy-modified DNA (1), hexynyl-modified DNA (4), and amine-modified oligonucleotides were cleaved from solid support and deprotected using a 1:1 mixture of ammonium hydroxide/40% methylamine (AMA) for 15 minutes at 65°C. DBCO-modified DNA was cleaved and deprotected using 30% ammonium hydroxide for 2 hours at 65°C. After removing the AMA or ammonium hydroxide with a speedvac system, oligonucleotides were resuspended in 100 mM triethylamine acetate (TEAA) and filtered through 0.2-µm spin filters. Oligonucleotides were then purified by reversed-phase high-performance liquid chromatography (HPLC) using an Agilent 1260 Infinity Series HPLC System, a 5 um XDB-C18 (21.2x150mm) Agilent (Santa Clara, CA) column, and 100 mM TEAA (pH 7)/acetonitrile as the mobile phase. Fractions were collected based on their absorbance at 260 and 280 nm, and fractions containing hexynyl-modified oligonucleotides were washed with Millipore MilliQ-purified water and lyophilized three times to remove residual HPLC buffer salts and resuspended in water prior to use. DNA concentrations were determined by absorbance at 260 nm. The masses of the oligonucleotides were obtained with matrix-assisted laser desorption ionization (MALDI) mass spectrometry performed on a Voyager-DE Pro, using sample spots pre-coated with nitrocellulose and a hydroxypicolinic acid matrix supplemented with ammonium citrate (representative MALDI-MS trace shown in Figure S9 ). Some DMT-protected animooxy-modified oligonucleotides were purchased from Integrated DNA Technologies (Coralville, Iowa).
For the synthesis of the HIPS-reagent modified oligos, 2, a 1 μmol scale synthesis of amine-modified DNA still on solid supports was transferred to a microcentrifuge tube. 25 μmoles of the HIPS-PFP ester was resuspended in 400 μl of dry DMF, mixed with 100 μl of dry DIPEA, and transferred to the tube such that the liquid completely submerged the DNA-bearing beads. The reaction was incubated on a vortexer overnight. The beads were then washed 3 times with DMF, 3 times with DCM, and then dried completely on a speed vac system. The DNA was cleaved off the beads with AMA for 20 minutes at 65 °C, dried on a speed vac system, resuspended in 100 mM triethylamine acetate (TEAA), and filtered through 0.2-μm spin filters. Oligonucleotides were then purified by reversed-phase high-performance liquid chromatography (HPLC) as described above.
Oligonucleotide Sequences: DNA sequences were selected as previously described to form dimer and trimer constructs. 
Expression and purification of aldehyde-tagged proteins:
Maltose Binding Protein and Formylglycine Generating Enzyme: Aldehyde-tagged MBP and FGE were expressed as previously described. 3 BL21(DE3) E. coli transformed with a pET14b plasmid containing the protein were grown in LB media supplemented with 100 μg/mL ampicillin at 37 o C. When OD600 reached 0.5, the culture was cooled to 18 o C. After 30 minutes, protein expression was induced with 0.1 mM IPTG and cultures were incubated at 18 o C for 14-18 h with shaking. Cells were lysed by sonication and the His6-tagged MBP or FGE was purified using Ni-NTA-agarose beads (Qiagen) under standard purification procedures. The protein was eluted in 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 7.4 and dialyzed into PBS with 10% glycerol for storage.
Antibody fragment for uPAR (Fab): An expression plasmid for uPAR-binding Fab 2G10 was a gift from Prof. Charles Craik (UCSF). An aldehyde tag was cloned onto the C-terminus of a His-tagged heavy chain using primers and reagents for Quikchange cloning. BL21-Gold E. coli were transformed with the Fab expression plasmid and grown in 2xYT media supplemented with 0.2% glucose and 100 ug/ml of Ampicillin at 37 o C. When OD600 reached 0.6, cultures were then cooled to room temperature, induced with 1mM IPTG, and grown overnight at 30 o C. The periplasmic fraction of the cells was collected by pelleting the bacteria, resuspending the cell pellet in 20 ml of ice-cold sucrose buffer (200 mM Tris, 0.5 mM EDTA, 500 mM sucrose, pH 8), then quickly mixing 20 ml of ice cold distilled water to the resuspended cells. The cells were incubated on ice for 30 minutes, with gentle swirling of the samples every 10 minutes. The cells were then removed by centrifugation at 13000xg for 15 minutes at 4 o C and the supernatant was collected as the periplasmic fraction. The Fab was purified from the periplasmic fraction using Ni-NTA-agarose beads and standard purification procedures. Fab was eluted in 50 mM Tris, 500 mM NaCl, 500 mM imidazole, pH 8 and dialyzed into PBS for storage. Protein concentrations were determined with a BCA protein assay (Thermo Scientific Pierce, Rockford, IL). In order to convert the cysteine of the aldehyde tag to formylglycine, the aldehyde-tagged Fabs (25-80 µM) were incubated in 50 mM Tris, 100 mM NaCl, 2 mM DTT, pH 9 and 0.1 equivalents of M. tuberculosis FGE for 8-20 hours at 30 o C Fc fragment and full-length IgG: Full-length human IgG aldehyde-tagged proteins and aldehyde-tagged Fc fragments were generated similar to previously described procedures 4 . Vectors bearing the heavy and light chain were constructed using standard molecular biology techniques. Protein production was performed by Redwood Bioscience using CHO-S cells and standard over-expression protocols. Full-length human IgG was purified from clarified media by affinity chromatography using Protein-A agarose resin. The eluent was dialyzed into PBS and stored at -20 ºC.
Conjugation of aldehyde-tagged proteins to DNA:
Using DMT-protected aminooxy-modified DNA: Formylglycine-bearing proteins were treated with 250 µM DMTprotected aminooxy-modified DNA, 1, in potassium acetate buffer (final concentration 100 mM, pH 4.6) and incubated overnight at 37 o C.
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Using HIPS-modified DNA: Formylglycine-bearing proteins were treated with 250 µM DMT-protected aminooxymodified DNA, 2, in sodium acetate buffer (final concentration 100 mM, pH 5.5) and incubated overnight at room temperature.
Using hexynyl-DNA or DBCO-DNA: Formylglycine-bearing proteins were treated with 1 mM aminooxy-TEG-azide linker, 3, in potassium acetate, (final concentration 100 mM, pH 4.6) and incubated for 6-20 h at 37 o C. Reactions were then buffer exchanged into PBS with Zeba Spin Desalting columns to remove excess linker and used directly in the click reaction. If using 4, 100 µM of hexynyl-modified DNA, 300 µM of Cu(II) sulfate, 800 µM of BTTP ligand, and 2.5 mM of freshly dissolved sodium ascorbate were added to the crude azide-modified protein for 1-2 hours at room temperature. The reaction was quenched by adding 1 mM EDTA and 5 mM BCS, and then buffer exchanged into PBS + 1 mM EDTA with Zeba Spin columns for purification or storage. If using 5, 130 µM of DBCO-modified DNA was added to the azide-bearing protein overnight. For analysis, samples were denatured for SDS-PAGE and run on a 10% Tris-HCl gel, stained with either Coomassie Brilliant Blue or Sypro Red, and imaged with a Typhoon laser gel scanning system. The yield of the conjugation reactions was estimated with densitometry measurements using ImageJ software (NIH).
DNA-labeling of full-length IgG: In a 1.5 mL epi-tube was combined 2 uL of IgG (9 mg/mL in 20 mM citrate, 50 mM NaCl, pH 5.5), 1 uL of 0.5 M sodium citrate, pH 5.5, and 0, 1, 3, or 7 uL of DMT-aminooxy-DNA (2 mM in water). Water was added to bring the total reaction volume to 10 uL. The reaction was incubated for 24 h at 37 °C. Half the sample was diluted in Laemmli sample buffer containing 10 mM 2-mercaptoethanol. The samples were incubated at 95 °C for 5 min and then analyzed by SDS-PAGE. The resulting gel was stained with Coomassie Brilliant Blue and imaged with an ImageQuant LAS4000 (GE Healthcare) gel imaging station.
Protein-DNA purification and assembly: Protein-DNA conjugates were purified using an HPLC system (Agilent 1200 Series) on a macroporous polystyrene anion exchange column PL-SAX 1000A 8 uM (150 x 4.6 mm) from Agilent. The low salt buffer used was 20 mM Tris, pH 8 and high salt buffer was 20 mM Tris, pH 8 with 1 M NaCl. The conjugates were purified using a gradient method that included a ramp from 0 to 50% of high salt buffer over 15 minutes, followed by a further increase of high salt buffer from 50 to 100% in 5 minutes, then a hold at 100% high salt buffer for 5 minutes before re-equilibrating the column with the low salt buffer. Fractions were collected by monitoring absorbance at 260 and 280 nm, and protein-DNA conjugates were easily separated from both unreacted DNA and unreacted protein. A sample trace of the purification of a crude conjugation reaction is shown in Figure S6 . EDTA (1mM) was added to fractions containing protein-DNA and concentrations were estimated with 280 nm absorbance values measured on a Nanodrop (Thermo Scientific, Wilmington, DE). The purity of the conjugates were verified with SDS-PAGE on a 10% Tris-HCl gel stained with Sypro Red and imaged using a Typhoon gel scanner. For assembly, each monomer was mixed together at approximately the same concentration (concentrations depended on the concentration of fractions) and incubated at room temperature for 1-2 hours. The assembly was then analyzed with SDS-PAGE for efficiency of hybridization, and if necessary, further purified with size exclusion chromatography on an HPLC using a TSKgelG3000SWxl column (TOSOH Biosciences, South San Francisco, CA) and eluted in an isocratic run of 1X PBS at 1 mL/min.
Flow cytometry:
To generate fluorescent MBP, the amines on anion-exchange purified MBP-DNA monomers (approximately 1 mg/ml) were labeled with AlexaFluor488 succinimidyl ester (Invitrogen, resuspended at 50 μg/ul in DMSO) in 100 mM sodium bicarbonate buffer (pH 9). Reactions were then buffer exchanged twice with Zeba Spin Desalting Columns into PBS with 1 mM EDTA to remove unreacted AF488. Two AF488-labeled MBP-DNA monomers were then assembled with an anion-exchange purified Fab-DNA and purified with HPLC size exclusion chromatography as described in the previous section. Fractions containing very dilute amounts of fluorescent trimer in PBS (< 100 ug/ml) were used directly in flow cytometry experiments.
H1299 lung carcinoma cells and Human Embryonic Kidney (HEK) cells were a gift from Prof. Charles Craik and cultured in DMEM-H21 media supplemented with 10% fetal bovine serum (FBS). Cells were lifted with TrypLE (Invitrogen), washed once with fresh media and once with FACS buffer (1% BSA in PBS), and resuspended in 500 μl of FACS buffer at 8x10 5 cells/mL. To prevent background binding of MBP to the cells, 50 μl of unlabeled purified MBP (1.64 mg/ml) was added to the cells in buffer and incubated on ice for 30 minutes. Next, a 100 μl aliquot was removed to microcentrifuge tubes for each sample (80,000 cells/sample) and all samples were centrifuged at 160xg for 5 minutes. Unlabeled cells were resuspended in either 100 μl of FACS buffer only or 100 μl of Fab-MBP(488)-MBP(488) trimercontaining FACS buffer for 2 hours at 4 o C on an orbital shaker, covered in foil to protect the samples from light. For samples that included treatment with non-fluorescent Fab, 2 μl of purified Fab (1.8 mg/ml) was added to the samples both during the MBP-blocking step and also again during the trimer-labeling step. All samples were then centrifuged at 160xg and washed 2 times in FACS buffer. Samples were resuspended in 450 μL of FACS buffer and analyzed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). FlowJo software (Tree Star, Ashland, OR) was used for data analysis.
Transmission Electron Microscopy and Data Processing:
Assembled protein-DNA dimers and trimers were visualized using a previously described protocol for negative stain electron microscopy.
5 Briefly, carbon-coated 400 mesh Gilder copper grids were glow-discharged using PELCO easiGlow GlowDischarge system (Ted Pella Inc., Redding, CA). 2.5 μl of sample (< 100 ug/ml) was deposited on a copper grid (Ted Pella Inc.) for a 30 second incubation. The sample was washed with a quick touch to 2 successive 25 μl drops of water on Parafilm and blotted dry with filter paper after each drop. The sample was then stained in 2 successive 25 μl drops of 0.75% uranyl acetate stain (sample was held on the second drop of stain for 30 seconds) and blotted dry after each stain. Images were collected using a Tecnai 12 TEM (FEI, Hillsboro, OR) equipped with a Gatan 4Kx4K CCD camera. The microscope was operated at 67,000x magnification (1 pixel corresponds to 0.17 nm).
Image Analysis: The coordinates of individual MBP molecules were determined by hand picking the centers of MBP molecules in 54 dimers and 51 trimers in electron microscopy images using Image J. Using Mathematica (Wolfram Research, Champaign, IL) , the centroids of the dimer/trimer constructs were calculated with the coordinates of individual MBP molecules. The distance between each MBP molecule and the centroid of its corresponding dimer/trimer was then calculated and plotted in a histogram. The Mathematica script is available upon request.
Estimation of dimer and trimer geometry: For the dimers, we estimated that the distance from the center of an MBP molecule to the center point of its corresponding dimer to be approximately 5.4 nm. This was calculated by adding the length of 10 bp of double-stranded DNA (3.4 nm) to the radius of a single MBP molecule (approximately 2 nm in our EM images). Similarly, we calculated the distance between the center of individual MBP proteins and the trimer centroid as 8.12 nm (2 nm for the MBP radius and 6.3 nm for 18 bp of DNA). The flexible tetraethylene glycol linking the protein to the oligonucleotide is approximately 1.5 nm in length if completely stretched out, but could exist in many other shorter conformations. Because the linker could place the protein either towards or away from the centroid, the linker could change the MBP to centroid distance by a range of values between -1.5 nm and +1.5 nm. However, the average effect of the linker is 0 nm, so the linker is not included in the estimates given above. 
